INTRODUCTION
G-proteins are heterotrimeric signalling proteins that couple a broad range of cell-surface receptors to second-messenger-regulating enzymes and to ion channels [1, 2] . Although involvement of G-proteins in receptor-regulated inositol lipid signalling has been indirectly suggested for the last decade, progress in identifying these proteins has been reported only recently.
Proteins have been purified from detergent extracts of bovine brain [3, 4] , bovine liver [5, 6] and turkey erythrocyte [7] membranes that confer AIF4--and guanine-nucleotide-mediated regulation to phospholipase C. Immunoreactivity of these proteins with G-protein-selective antisera suggests that they are members of the Gq family of proteins initially identified by molecular cloning by Simon and colleagues ( [8, 9] ; for review see [10] ). On the basis of partial amino acid sequence, the preparation from brain was shown to consist of Gaq and some Gall [3] . The liver preparation contained 42 and 43 kDa proteins expressing immunoreactivity consistent with Gaq and Gall respectively [5, 6] .
Turkey erythrocytes have provided a useful homogeneous cell preparation for the study of inositol lipid signalling [1 1] . We have purified the G-protein-regulated form of phospholipase C from this source [12, 13] and have used this enzyme to purify a 43 kDa phospholipase C-activating protein [7] . We now report internal amino acid sequence and molecular cloning of the cDNA for the avian G-protein that unambiguously confirm that this phospholipase C-activating protein is Gall. Also, using an insect cell expression system, we demonstrate that the protein encoded by the cDNA is recognized by Ga1l-selective antisera and that it activates purified avian erythrocyte phospholipase C. EXPERIMENTAL Materials Q-Sepharose Fast Flow, Sephacryl S-300HR, octyl-Sepharose, that encodes avian Ga11, on the basis of its 96-98 % amino acid identity with mammalian Gail. All eight peptides sequenced from the turkey erythrocyte phospholipase C-activating protein are completely contained within the deduced amino acid sequence of the avian Gall cDNA. Expression of this cDNA in Sf9 cells by using a baculovirus expression system resulted in the production of a 43 kDa protein that reacts strongly with antisera to the Gq family of G-protein a-subunits and activated purified avian phospholipase C in an AlF4--dependent manner. Taken together, these results unambiguously identify the protein purified from turkey erythrocytes, on the basis of its capacity to activate avian phospholipase C, as Ga.ll heparin-Sepharose, Protein A-Sepharose, Sephadex G-50F and Mono Q HR5/5 were obtained from Pharmacia (Piscataway, NJ, U.S.A.). Bio-Gel HTP hydroxyapatite and the HPTP column were from Bio-Rad Laboratories (Richmond, CA, U.S.A.). Vydac C-4 (214-TP546) and C-18 (218-TP546) reverse-phase h.p.l.c. columns were from Rainin (Emeryville, CA, U.S.A.). Phosphatidylserine and phosphatidylethanolamine were from Avanti Polar Lipids (St. Louis, MO, U.S.A.). CHAPS was purchased from Pierce (Rockford, IL, U.S.A.), and sodium cholate (Sigma, St. Louis, MO, U.S.A.) was purified as previously described [7] . Purfflcation and trypsin treatment of the 43 kDa turkey erythrocyte phospholipase C-activating protein G-protein-regulated phospholipase C [12, 13] and the 43 kDa phospholipase C-activating protein [7] were purified from turkey Reconstitution assay G-protein-regulated phospholipase C activity was measured by a modification of the method described by Waldo et al. [7] . Briefly, Gel electrophoresis and immunoblots SDS/PAGE was performed on gels of 8.5 % acrylamide/0.5°h bisacrylamide as previously described [7] .
Construction of fetal turkey blood and turkey brain cDNA libraries
The tissues were prepared as follows. Fifty 9-11-day-incubated turkey eggs were obtained, the eggs were opened and the chorionic membrane and its associated vasculature were dissected, minced and placed in ice-cold isotonic saline. The minced tissue was strained through cheesecloth, and blood cells were collected from the filtrate by centrifugation. The cells were washed twice in icecold isotonic saline. The brain of an adult female turkey was removed, cleaned and immediately placed in liquid nitrogen. The frozen tissue was then powdered. RNA was isolated from fetal turkey blood and turkey brain by the method of Chomczynski and Sacchi [14] . Briefly, RNA was extracted from the pelleted blood cells and frozen brain tissue, and polyadenylated RNA was isolated from the total RNA by using a biotinylated oligo(dT) probe and a magnetic separation system employing strepavidinconjugated paramagnetic beads, by following the manufacturer's suggested procedures, except that the annealing reaction was performed in 3.5 x SSC (1 x SSC = 0.15 M NaCl/ 15 mM sodium citrate). cDNA synthesis was performed by using 27 ,tg of fetal turkey blood RNA and 15 ,ug ofturkey brain RNA. The cDNA synthesis reactions essentially followed the method of Gubler and Hoffman [15] , with the substitution of methyl-dCTP for CTP, and were primed with an oligo(dT)-containing adaptor-primer which introduced a XhoI restriction site into the 3' end of the newly synthesized double-stranded cDNA. After ligation with EcoRI adaptors and phosphorylation of the adaptor ends, the cDNA was cleaved with XhoI and resolved from unligated adaptors and size-fractionated by electrophoresis on a 1 % low-meltingagarose gel. cDNA of the desired size class (1-2 kb for the fetal turkey blood cDNA and > 1 kb for the turkey brain cDNA) was recovered from the melted gel slices by using Qiaex resin. Approx. 200 . This purified avian phospholipase C-activating protein shows strong immunoreactivity with antisera X384 [7] and 118 (Figure 1 ), which were generated against the C-terminal dodecapeptide of Gxq and GGull. Conversely, antiserum W082, generated against a sequence in Gcxq that is not well conserved in GcLtx and has been shown to be selective for Gaq [17] , recognized the turkey erythrocyte protein only very weakly (ref. [7] ; Figure  1 ). Antiserum E976 [18] generated against a sequence (amino acids 160-172) in Gaxl that is not well conserved in Gaq reacted strongly with the purified 43 kDa turkey erythrocyte protein (Figure 1) . Although the absolute selectivity of E976 has not Table 1 ReconstituIlon of purified turkey erythrocyte phospholipase C with sodium cholate extracts from recombinant-baculovlrus-infected Sf9-cell membranes
Membranes from baculovirus-infected Sf9 cells were prepared as described in the Experimental section. Purified avian 43 kDa phospholipase C-activating protein (60 ng), or sodium cholate extracts of membranes from Sf9 cells infected with recombinant baculoviruses expressing either f8-galactosidase (1.29 ,sg) or avian G%rj (1.29 ,ug), were combined with dispersed phospholipids containing [3H]Ptdlns4P, and vesicles were formed by dialysis as described in the Experimental section. The vesicles were reconstituted with purified turkey erythrocyte phospholipase C (10 ng) and incubated with either 10 mM Hepes, pH 7.4 (vehicle), or 10 mM NaF/20 ,sM AICd3 (AIF4-). Assays were for 10 min at 30 OC, and the reactions were terminated by addition of chloroform/methanol/HCI (20:40:1, by vol. been assessed, these immunological data are consistent with the hypothesis that the purified turkey erythrocyte G-protein is avian Ga.ll However, to identify this protein unequivocally, we obtained an internal amino acid sequence and cloned its cDNA. Both of these approaches were considered necessary, since the members of the Gq family of G-proteins share greater than 80 % amino acid sequence identity [10] .
The avian phospholipase C-activating protein was purified as previously reported [7] , with the inclusion of an additional C-4 column step as described in the Experimental section. The purified 43 kDa protein (Figure 2a ) was subjected to cleavage by trypsin and peptides were purified by reverse-phase h.p.l.c. (Figure 2b ). Sequences from eight peptides were obtained. All eight sequences were highly (50-100 %) similar to sequences predicted from the deduced amino acid sequences of G-protein a-subunit cDNA cloned from mouse brain cDNA libraries (Figure 2c ). However, it was not possible to identify the 43 kDa protein conclusively from this information, or to conclude categorically that peptides generated from tryptic digests of the phospholipase C-activating protein were from a single polypeptide. Thus, to establish the identity of the avian protein unambiguously, it was imperative that the avian peptide sequence be compared with avian cDNA.
A probe made from mouse Gaq cDNA was used to screen an oligo(dT)-primed turkey brain cDNA library. High-stringency screening of approx. 106 phages yielded four positive plaques. Sequence analysis revealed that these four cDNAs were of different lengths, and that they encoded part of a G-protein a-subunit that was similar to, though distinct from, Gaq. Further high-stringency screening of the turkey brain cDNA library with the largest of these cDNAs, 16a, yielded 17 more clones. cDNA B4 was isolated from this second screening. B4 was shown to contain the entire coding sequence of a Gaq-like protein, in addition to 5' and 3' untranslated sequences ( Figure 3 ). All remaining cDNAs isolated from the brain library with clone 16a had nucleic acid sequences identical with that of B4, though they were not full length. Similarly, high-stringency screening of an oligo(dT)-primed fetal turkey blood cDNA library with cDNA 16a resulted in the isolation of seven additional cDNAs. These cDNAs had nucleic acid sequences identical with those isolated from the brain library, though none were full length. The longest of the cDNAs isolated from the blood library comprised nucleotides 125-1259 of clone B4. Since the brain and blood libraries both yielded cDNAs with identical nucleic acid sequences, and a full-length version had been isolated from the brain library, no further attempt was made to isolate a full-length clone from the blood library.
cDNA B4 encodes a 359-amino-acid protein (Mr 42031) (Figure 3 ) that is most similar in sequence to mouse Gall [9] and its bovine homologue, GLa2 [19] . The similarity between the amino acid sequence deduced from cDNA B4 and that of mouse and bovine Ga., is striking. There is only one amino acid difference in the last 119 amino acids of the C-terminus of B4 and bovine Ga,,, and the overall identity between the proteins encoded by these two sequences is 96%. The overall identity between clone B4 and bovine GLa2 was 98 %, and mouse Gal1 and bovine GLa2 share 97% sequence identity. Similarly, the deduced amino acid sequence from cDNA B4 shared 91 % and 81 % sequence identity with those of mouse Gaq and Gal4 respectively. Although this similarity is also high, differences within specific regions of these G-proteins make it highly unlikely that the cDNA that we report here represents an avian version of these. The choice of initiating methionine (see Figure 3 ) was based entirely on the highly conserved nature of the sequences 5' to the other two in-frame methionines in the avian clone and the sequences of mouse Gall and bovine GLa2. Though Nakamura et al. [19] had not considered the first ATG as a likely initiation codon for translation of GLa2, the first six amino acids present in B4 are identical with those in mouse Gall and bovine GLa2.
Although the codons for these first six amino acids are conserved in all three cDNA sequences, we were unable to obtain Nterminal sequence from our purified protein, and as such have not confirmed that these six amino acids are present. On the basis of these sequence similarities, we conclude that clone B4 encodes a protein that is the avian equivalent of Gail. As with other members of this family [10] , the lack of a cysteine at position 356 indicates that this protein would not be a substrate for pertussis toxin. G-protein-stimulated phospholipase C activity in turkey erythrocytes is insensitive to the effects of pertussis toxin.
The availability of cDNA encoding avian Gall has allowed a direct comparison with the peptide sequence obtained from the purified avian phospholipase C-activating protein. Peptides 1-8 contain amino acid sequences that were identical with amino acids 78-92, 121-133, 159-171, 172-180, 253-256, 307-312, 339-345 and 355-359 of the deduced amino acid sequence of cDNA B4. The sequence generated by peptides 3 and 4 is very similar to the region in Gall against which antiserum E976 was generated [18] . Peptide 2 represents the region in avian Gall that corresponds to the Gaq sequence to which antiserum W082 was raised. Since avian Gall and mammalian Gaq share only 69 % identity in this region, it is perhaps not surprising that antiserum W082 reacts only very weakly with the purified avian protein.
From the complete amino acid identity of the peptide sequence with that predicted from the avian Gall cDNA clone, we conclude that the purified 43 kDa turkey phospholipase C-activating protein is Gail.
Although extensive analyses have not been carried out, the avian Gall cDNA has been successfully expressed in a baculovirus insect-cell (Sf'9) expression system. The expressed protein is recognized by antibodies 118 and E976 (results not shown).
Cholate extracts of membranes from recombinant Gal, baculovirus-infected Sf9 cells markedly stimulated the purified avian phospholipase C in an A1F4--dependent manner after coreconstitution in substrate-containing phospholipid vesicles (Table 1) . Cholate extracts from Sf9 cells infected with a ,-galactosidase-expressing recombinant baculovirus did not contain significant amounts of protein that reacted with antiserum 118 (results not shown) and only activated the avian phospholipase C to a very small extent (Table 1) .
In summary, purification of the components of the avian Gprotein-regulated phospholipase C from a single homogeneous cell preparation eliminates complexities inherent in assessing the interactions between proteins purified from heterologous cell or tissue preparations in different species. Using this approach, we believe that we have purified and cloned the G-protein involved in the regulation of phospholipase C in turkey erythrocytes and have unequivocally demonstrated that it is an avian homologue of Gail. Gall has high sequence similarity with Gaq, and it is now clear that both proteins can activate phospholipase C [3] [4] [5] [6] [7] 17, 18, [20] [21] [22] . However, it is not clear if they express different regulatory properties or interact with additional or different effector proteins. The availability of purified avian Gall of defined composition as well as recombinant Gall will allow us to begin to address some of these and other questions.
